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SUMMARY 

Hie  Remotely  Manned  Undersea  Work  Systems  developed  at  the  Naval  Ocean 
Systems  C enter  (NOSC)  are  herein  described.  This  paper  begins  with  a description  and 
analysis  of  typical  underwater  work  tasks.  Based  on  the  function  derived  from  the  tasks 
analysis,  various  underwater  transporters  (vehicles  or  divers  systems)  will  be  described: 
the  sensors  required  to  locate  and  provide  support  at  the  work  site  will  be  discussed.  Based 
on  the  various  components  required  to  perform  underwater  tasks  thus  delineated,  systems 
synthesis  is  applied  to  provide  the  most  efficient  operations  by  best  combining  the  comple- 
mentary characteristics  of  each  of  the  subsystems. 

The  tasks  defined  and  equipment  described  arc  applicable  to  most  undersea  oper- 
ations such  as  survey,  inspection,  search,  salvage,  recovery  ot  items  from  the  seafloor, 
emergency  rescue  of  submersibles  or  habitats,  as  well  as  performance  of  dexterous  tasks 
on  undersea  installations. 
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INTRODUCTION 


Any  discussion  on  the  research  and  development  of  work  systems  must  begin  with 
an  understanding  of  the  tasks  to  be  accomplished  I he  ultimate  objective  of  the  systems 
and  components  discussed  in  this  paper  is  to  perform  useful  work  in  the  sea.  Iherelore. 
knowledge  of  both  the  undersea  environment  and  the  required  tasks  is  paramount  in  plan- 
ning and  conducting  a research  and  development  program  tor  underwater  work  systems 

TASKS 


Ihe  tasks  that  most  strongly  affect  the  development  of  underwater  systems  are  as 

follows: 

SI  \ Kc ' 1 1 - to  find  lost  items,  locate  w ork  sites,  and  survey  seaflooi  areas 

INSPECTION  - to  classify  detected  targets,  monitor  continuing  operation*,  define 
the  integrity  of  structural  components  or  pipelines,  detect  leakage  of  pollutants,  and  record 
the  condition  of  objects,  e.g..  ships,  aircraft,  and  canned  waste,  on  the  seatloor 

RECOVERY  - to  attach  lifting  devices,  cut  away  moorings  or  clutter,  and  provide 
vertical  and  horizontal  lifting  forces  to  effect  transport  ofobjects  from  the  seatloor  to  the 
surface 

ASSEMBLY.  MODIFICATION.  OR  REPAIR  - to  conduct  work  on  objects  on  the 
seatloor  or  within  the  volume,  assemble  parts,  and  effect  repairs,  improvements,  or 
alterations 

Ni  l1  LRAEIZA  I ION  - to  modify  objects  (possibly  by  explosive  means)  to  render 
the  site  safe  for  future  operations,  e.g.,  mine  clearance  or  removal  of  obstructing  wreckage 
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l \»U  \ ION  1 KOI  l I I)  I'NUl  RV\  Ml  K KKOVl  K\  VI  HU  1 l U l R\  II) 

lTR\  II  in  .m  unmanned  tethered  submersible  capable  ol  opctaling  to  '500  loci 
i '(>'  meters)  ll  is  Hu-  to  (TR\  I which  recovcied  the  ll-bomb  oil  the  coast  ol 

Sp.iin  in  I *>(»<*  I lu*  configuration  ol  tl  K\  II  (figure  5)  is  (v  pical  ot  most  unmanned 
v v-hu  U's  it  lus  .in  open  uvi.iiicitl.n  tramew  oik  to  support  the  sensors  and  tools.  tvv o 
horizontal  piopulsion  motois  to  drive  .uul  steer  the  \ehiele.  one  iertie.il  moioi  loi  close 
vertical  control,  and  buo\anc\  ot' approximate^  pounds ( I I kilograms).  Hie  \ chicle  is 
o s |<i  s hi  | s loot  lone  i In  In  5 meters).  w eiglis  5000  pounds  i I 5o  1 kilograms l in 
an.  .uul  opeiates  at  submerged  speeds  to  5 knots  r 1 5 meters  pei  second)  and  to  depths  ot 
'500  lee t t’o'  meters)  lire  sensors  include  a Stra/a  5lH)  acti\ e-passive  sonar,  acoustic 
altimeter,  depthometer.  compass.  twv  IHdro  I’roducts  television  cameras  with  lights,  and 
an  I r.\t>  .'>11111)  still  camera  with  strobe  One  ni.uoi  feature  ol  all  surt’ace-powered  lelucles 
is  that  then  bottom  tune  is  onlv  restricted  b\  the  tune  ot  abilitv  ol  the  stir  lace-support 
cratt  to  sia\  on  station. 

I he  t l K\  II  s\  stem  cousisis  ol  the  vehicle,  control  cable,  and  control  console 
Mthough  il  lU'imallv  opeiates  tiom  the  MW  51)  sui  lace  suppoi I ship.  Ihe  sv  siem  can  be 
an  tiansported  to  operate  I’roin  anv  siirtace  ship  ol  opportunitv  li  is  primarilv  used  lor 
recovers  ol  practice  toipedoes  trom  NOSt  ranges. 
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( Mil  l-tONIKOLUl)  UNM  R>V  VII  R RH  OVI  RV  VI  UK  1 1 UTRY  III) 

C’URV  III  (figure  .? >.  a more  modern  aiul  deeper  depth  version  of  the  C l ' KN  II.  is 
capable  o I' operating  in  water  depths  ot  ’000  teet  (21. '4  meters)  I he  l l K\  111  system 
in  comprised  of  the  \ehicle,  control  cable,  and  control  console.  VI though  it  normally 
operates  from  the  V I NX-50,  the  system  is  designed  so  that  all  maior  operational  compon- 
ents can  be  disassembled,  .ut  transported  to  a work  site,  and  installed  on  any  surlace  cralt 
that  has  adequate  deck  space.  I he  \ehicle  normally  carries  a hydraulically-operated  claw 
tor  attaching  and  recovering  items  such  as  ordnance,  trom  the  ocean  floor.  I oi  special 
tasks,  the  claw  is  removed  and  replaced  by  a variety  of  grasping,  cutting,  or  working  tools 
I he  vehicle  also  contains  the  necessary  equipment  tor  searching,  locating,  and  documenting 
the  lost  item.  C ontrol  ot  the  vehicle  and  monitoring  of  the  operations  are  done  in  the  con- 
trol van.  I he  vehicle  is  <>.5  by  to  by  15  teet  long  (2  bv  2 bv  5 meters),  and  weighs  45(H) 
pounds  ( 2040  kilograms)  in  air.  It  normally  operates  to  depths  ot  ’000  teet  1 2 1 54  meters), 
but  can  be  modified  tor  emergenev  operations  to  10.000  teet  (5050  meters),  Its  instrument 
suite  includes  a Stra/a  500  active-passive  sonar  with  transponder  integration  capability . 
acoustic  altimeter  and  depthometer.  compass,  two  Hydro  Products  television  cameras 
w ith  lights,  and  an  I (>&(■  55mm  still  camera  with  strobe 

(TR\  111  is  a versatile  underwater  vehicle  that  can  be  readily  modified  to  accom- 
modate a wide  variety  ol  underwater  tasks.  It  lias  demonstrated  Us  search  and  recovery 
capabilities  on  the  west  coast  as  well  as  m the  Vtlantic  Ocean,  most  notably  during  the 
ll,’5  rescue  of  the  1*1  Sc  I S 111  submersible  oft  Ireland 
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I'listoi  t he  Deep  Ocean  lechnologv  tDOl  i program.  NOSC  is  developing  t\l  US. 
a remotely -cs'ntrollod  submersible  svstem  that  sail  pcrlortu  a varretv  s>t  wink  tasks  at 
s*cean  depths  ts>  '0.000  loci  i t'O(H)  meters)  I his  depth  capability  prov ides  access  ts'  nis'ie 
than  °S  percent  s't  tiu-  swan  fls's't  Ills'  svsiotti  is  designed  Is'i  an  transput!  and  deployment 
tis'in  spocilis'sl  ships  s't  s'pportumty 

Kl  US  s's|uipiiH'nt  s'ii  tils'  support  ship  s'onsists  s't  a s'ontrol  center.  nuitis'ii  cs'inpon- 
s.itis'ii  dock  handling  s\ stein  i\ti  PUS).  diesel  power  generators.  ansi  maintenance  ran  \ 
sinels' s s'asial  s s'le.  Inch  strength.  s\  nthctic  cable  connects  ills'  simtrs'l  center  and  the  pn 
iii.ii>  eahle  termination  tlVI  i lhe  IV I senes  as  a line  weight  ts'  aid  svn-stationkeepmg 
and  to  limit  forces  that  might  otherwise  be  transnutted  ts'  the  ws'ik  \eluele.  It  is  the  powei 
ansi  signal  distribution  center  between  the  pnman  cable  and  the  flexible,  multiconductor. 
vehicle  tetliei  With  its  own  propulsion  svstem.  it  alss'  provides  the  capability  Is'i  ship 
coordinated  tiansit  acioss  the  svean  lls's'i  ts>  establish  a new  hi'lslmg  position. 

I he  K l Us  w s'rk  vehicle  t figure  41.  sc  Inch  w eiglis  4400  ps'innls  i I ‘*50  kilograms  I 
m air.  is  4 s h\  4.S  bv  I I feet  long  t 14  by  1.4  bv  > 4 molorsi  lhe  ws'ik  vehicle  moves 
freely  at  the  end  of  a buoyant  flexible  tether  deployed  from  the  IV 1 Vehicle  sensors  m 
elude  an  active-passive  I'll  M sonar,  bs'tts'in  transps'iider  integrator,  altimeter,  deptln'iu- 
eter.  compass,  head  -s'  on  pled  stores'  television  with  lights,  and  I Oski.  .'5mm  still  camera 
with  strobes.  Ml  signals  atul  power  needed  ts>  cs'ntis'l  and  operate  the  submersible  are 
multiplexes!  s'ti  the  single  cs'axial  core  s't  the  pnman  cable.  V highly  accurate,  sleep  -s'cean 
n.iv igatis'ii  svstem  prswules  coordinated  inputs  ts'  the  vehicle's  s'peiators  ansi  the  supps'rt 
slut'  s bridge, 

lhe  deep-ocean  navigation  system  and  a K'cal-aiva.  bottom-search  ss'iiar  are  used  bv 
the  s't's'iats’i  ts'  gimle  the  vehicle  Ws'ik  site  \t  the  ws'ik  site  a 4 slegree-s'l- treosls'ui  grabber 
holds  the  w s't k piece,  while  a highly  dextennis.  '-degree-of-'ivi'dom  manipulatoi  ps'sitions 
individually  ps'vvered  tools  or  performs  other  ws'ik  functions. 
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S\OOI,'»  is  Ilk'  smallest  m a senes  ot  lightweight.  poitabU  . i uuanncsl.  tituiersea 
vehicle  sv  stems,  Built  as  an  experimental  xelnele.  il  is  eapahle  ol  eai  rv  mg  a teles  isnm  eameia 
with  a 100-walt.  mcrcurv  sapor  light  source  i n t v>  the  sea  environment  \s  such,  it  can  replace 
a ilis er  tor  mans  tasks  m svhiclt  observation  or  stirs eillance  is  res|uivesl.  S\OOI’\  t tigure  *> ) 
has  tss o unique  teatures 

(1  > all  propulsk'n  posser  is  sent  trom  tliesurtace  bv  hvslraulic  lines  ansi 
(2t  an  automatic  depth-keeping  capabiltlv  is  provulesl  bv  a variable  tnis’vancv 
clrambei  ansi  a depth  tecslback  sv  stem 

\ small,  s'lectris alls  -poweied  crabber  is  nunmtesl  s<n  the  tonvanl  ensl  lor  implanting  or 
retries  mg  lijiht  ss  eijilit  obis\  ts.  I lie  sehicle  is  approximate^  I b\  2 bv  a teet  longtO  bs 
0 (s  bv  0.1>  meters),  weighs  si)  pounds  ( ka  hils'grainsl  in  an . ansi  siperales  at  speesls  to  ' 
knots  t I meter  per  second  > to  slept  hs  ot  1 00  teet  i ,'t)  meters) 


mu  re  ' SNOOl") 
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ELECTRIC  SNOOPY 

11  I ( I RK'  SNOOPY,  the  successor  of  SNOOPY,  principally  differs  from  its  pre- 
decessor in  its  propulsion  scheme.  This  experimental  vehicle  (figure  6)  uses  three  ^-horse- 
power. oil-tilled,  pressure-balanced  electric  motors  for  thrust  in  the  horizontal  and  vertical 
directions.  I his  approach  allows  the  use  of  a small-diameter  *u  inch  (0.6  centimeter). 
1500-foot  (457  meters),  coaxial-tether  cable.  AC  power,  along  with  multiplexed  control 
signals,  is  sent  down  the  cable  and  converted  to  variable,  DC-motor-driven  voltage  through 
motor  controllers.  A single  joystick  controls  forward,  reverse,  and  turning  motions.  I win 
pressure  hulls  house  all  vehicle  electronics,  a television  camera,  and  a super-8  movie  camera, 
all  of  which  provide  a streamlined  and  responsive  vehicle.  The  super-8  camera  provides 
intervals  < ction  footage  or  a large  number  of  individual-frame  photographs.  A single 
light  illuminates  both  the  television  and  film  cameras.  I he  1.5-  by  2.0-  by  3.0-loot-long 
(0.5  by  0.6  by  0.1)  meters)  vehicle  weighs  150  pounds  (68  kilograms)  in  air  and  operates  to 
depths  of  1500  feet  <4(>0  meters). 

When  used  in  conjunction  with  a small  buoyant  reel.  I 111  I RK'  SNOOPY  has 
demonstrated  that  it  can  be  used  to  attach  a light  line  to  a seatloor  object,  such  as  a 
stricken  manned  submersible,  so  that  a heavy  lilt  line  w ith  a "go-getter"  can  be  guided  to 
a hard  point  for. surface  lift. 


f igure  6.  Electric  SNOOPY. 
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\ \\  I \t  SNOOl'N  in  a small.  ivinoloU  v ontiolloil  \ olm  lo  s\  stout  that  w as  ilosignoil 
t)i  ul  Ini  ill  loi  l In  Natal  I .kill  til's  I nginooi  mg  (omm.iiiil  to  snppoi  I oi van  oonsti  in  (ion 
woik  Its  prunaiv  usos  .no  optn  al  stnun  s ol  pioposoil  nmloisoa  i onstim  lion  oi  implant 
nu'iit  sitos,  siiivi'ill.nnv  ami  ilm  imn'iilation  oi  ilnoi  opi'ialioiis.  anil  gonoial  umloisoa 
inspoition  ami  iloi  unu'iilalion.  I ho  I'\  In  I toot  long(Ot>h\  0 .<>  In  I moloisl 
\ oluolo  t lignio  I wo i tills  100  pon nils  i I so  kili'gi .nils t in  an  aitil  opoiatos  to  I sOO  loot 
l4('t)  motors!.  Ii  ntili/os  tom  In  ilianln  alls  powoioil  llmistois  loi  hou/ontal  ami  \oilnal 
osoniMons  I ho  t It  too  hon/onial  tlmistors  .no  oontiolloil  In  a iluoo  axis,  piopoition.il 
jo>  sink  loi  nitogi  aloil  tons  .ml,  io\  orso.  turning.  ami  la  total  v oluolo  motions  I ho  \oi  Inal 
tlunsto.'s  oontiol  nsos  antomatio  ilopth  anil  allitmlo  holiling  oiiomlit  with  niannal  otoi 
nils*.  \ low  light  lotol  tolovision  oamoia  with  a ,’s(l  watt,  ipiait/  null  oil  light  is  usoil  loi 
\ tow  nig.  a ml  a snpor-X  moi  10  oamoia  pio\  nlos  i oloi  iloou  montat  ion  t >thoi  sonsois  im  Imlo 
a lOinpass,  altiinotoi , ilopthomoloi.  ami  Slia/a  .'SO  passu  o.iotuo  t 1 1 M sou.n  I ho 
toluolo's  powoi,  oontiol  signals,  \nloo  signal,  ami  instmmonl  il.it. i aio  ninltiplosoil  onto  a 
singlo  io.iM.il  toihoi. 
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llu1  vehicles  already  described  are  primarily  outfitted  with  commercially  available 
sensor  s\ stems,  e.g.,  high  resolution  sonars,  television  ami  tilin  cameras,  compasses,  ami 
deptli-and  height  sensing  devices.  Special  sensor  development  in  the  lie  Ms  ol  high  resolu 
lion  acoustic  imaging,  real-time  optical  mapping,  ami  minimal  si/eil  sonar  am)  tin-  applica 
lion  ol  pressure  tolerant  electronic  (1*1 1 ) components  to  all  possible  svstems  are  the  sub 
iects  ot  current  research  ami  development  programs  In  addition,  the  output  liont  material's 
research  and  development  directly  applies  to  the  structural  components,  windows,  and 
cabling  svstems  ot  undersea  work  systems. 

UOUSIU  IM  U.IN(.  SI  I M i MS) 

Ihe  acoustic  imaging  program  was  initiated  as  part  ol  the  Navv  \ |H)|  program  to 
improve  the  range  o | underwater  visibility . particularly  in  turbid  water  I he  general  ohiect 
ive  is  to  develop  and  demonstrate  acoustic  imaging  technology  tor  umlerwatei  search,  re 
cov cry  . classitication,  manipulation,  and  mspectu'ii  aboard  manned  and  unmanned  submei 
sibles  to  depths  ot  I '.000  leet  (dbbt)  meters)  I he  progiam  has  focused  on  the  develop 
men  t ot  a holographic  t lensless  I system  Ihe  VIS  was  designed  to  achieve  a recognizable 
image  ot  a beer  can  in  turbid  water  at  ranges  to  J5  leet  (S  meters)  anywhere  within  the 
II  by  I I -degree  (0. ' ravlian)  lield  ol  view  I arger  objects  can  be  seen  at  ranges  up  to 
l>0  leet  (4b  meters)  Photographs  are  taken  at  the  rate  ol  one  every  ' seconds  with  a 
future  capability  ot  I > per  second  I he  sy  stem  consists  of  two  assemblies  1 1 > an  under 
water  unit  (figure  S)  which  has  an  acoustic  projector,  receiving  hydrophone  array . and 
processing  electronics,  and  ( .')  a rack  ot  control  electronics  that  holds  the  control  panels, 
minicomputer  image  reconslmclor.  and  displays 


I iguir  S I ransnutiei  iceoivei  mill  lot  acoustic  imaging  s\ stein 


I 1 


Hie  acoustic  projector  semis  high  frequency  (<>42  kilohertz  l sottiul  into  the  water 
Objects  relied  the  souml  waves  in  patterns  that  are  dependent  on  their  shape.  I he  acoustic 
detector  (4K  by  l><>  elements  in  a '-loot  |0.<>  mete r | square)  senses,  processes,  ami  stores  the 
souml  pattern  as  an  acoustic  hologram,  which  in  then  digitized  ami  transferred  to  the  holo- 
graphic reconstructor,  a digital  minicomputci.  I he  mmicomputei  processes  the  hologram  to 
form  an  image  which  is  then  displayed  on  a screen.  Ml  electtomcs  inside  the  umlerwatei 
housing  are  pressure  tolerant,  that  is.  the  housing  does  not  withstand  the  ambient  pressure, 
but  transmits  it  directly  to  the  electronic  components  themselves  within  the  oil-filled, 
pressure-compensated  container. 

l'he  acoustic  imaging  sy  stem  is  ein  isioned  as  being  very  use  till  in  two  scenarios  Vs 
a classification  system  in  conjunction  with  a search  sonar,  it  will  provide  target  identifica- 
tion. as  would  a television,  but  with  greater  range  and  less  sensitivity  to  water  turbidity  Vs 
a visual  system,  it  provides  visibility  for  the  operation  of  underwater  work  systems,  even 
when  there  is  turbidity  caused  by  the  mud  turned  up  by  the  work  system 

Rl  \l.  IIM1  OPTICAL  MAPPINCi  SYS II  M (ROMS! 

the  concept  behind  the  development  of  ROMS  was  to  combine  the  qualities  of  1 1 > 
high  optical  resolution,  t ')  a large  swath  width,  and  (4)  a real-time  readout  to  produce  a 
real-time  optical  picture  ot  the  ocean  bottom  lor  last  seafloor  search  and  mapping.  It 
thus  bridges  the  gap  between  existing  acoustic  systems,  which  ot  let  long  range  and  real-time 
operation  but  are  limited  by  low  resolution,  ami  photographic  systems,  which  oiler  high 
resolution  but  are  not  capable  ol  real-time  operation 

ROM’s  capabilities  depend  upon  a set  ot  rotating,  three-faceted  mirrors  mounted  on 
a single  shaft  (figure  '*)  l'he  first  mirror  sweeps  an  argon  lasei  beam  across  a I 20-degree 
t '.0‘>  radians)  angle.  I he  second,  synchronized  with  the  hist,  receives  a portion  of  the  beam 
returned  from  the  seafloor  and  reflects  it  through  a focusing  s\  stem  to  a pholomultipliei 
I he  pholomultipliei  signal  is  preamphtied  and  processed  be  lore  it  is  tiansmitted  to  the 
surface,  where  it  is  further  processed  to  make  it  compatible  with  a cathode  ray  tube  (l  R ft 
display  I he  l R I display  is  arranged  to  provide  a "w ater fall."  two-dimensional,  map  t\  pe 
display , ami  the  data  are  permanently  recorded  on  hard  copy  for  post  run  analysis  I he 
operator  can  control  the  display  and  adjust  its  contrast  or  zoom-in  on  an  object  of  interest 
I he  receiving  mirror  is  mounted  m a water-filled,  acrylic  housing  to  minimize  light  losses 
at  the  water  window-air  interface.  Its  field  of  view  is  restricted  to  .1  region  neat  the  seallooi 
to  minimize  first-order  hackscatter.  Itackscatter  is  sutlicieutly  reduced  to  make  the  system 
pow  er  limited. 
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figure  l>.  Lab  lost  of  the  real-time  optical  mapping  system. 


I lie  demonstration  hardware  provides  a swath  width  of  400  feet  ( 122  meters) 
when  operated  at  an  altitude  120  feet  (37  meters)  above  the  seafloor,  with  a resolution 
element  size  of  3 inches  (X  centimeters).  Higher  resolutions,  but  smaller  swath  widths, 
are  obtained  by  lowering  the  operating  altitude.  A 5-knot  (2.b  meters  per  second)  speed  ol 
advance  provides  a search  rate  of  0.2  square  nautical  mile  per  hour. 

MINISONAR 

To  provide  an  acoustic  navigation  capability  for  very  small  vehicles,  a sonar  device 
of  minimal  size  is  required.  The  goal  of  a current  development  effort  at  NOSC  is  an  elec- 
tronics "scan-within-pulse”  sonar  with  an  underwater  head  not  larger  than  3 by  6 by  b 
inches  (X  by  15  by  15  centimeters)  that  will  have  a range  of  100  to  300  feet  (30  to  lH) 
meters)  and  a resolution  of  3 inches  (X  centimeters).  The  prototype  demonstration  model 
is  currently  under  test. 

PRESSURE  TOLERANT  ELECTRONICS  (PTE) 

With  the  advent  of  solid-state  electronic  components,  a major  improvement  in  the 
packaging  of  undersea  electronic  systems  is  possible.  The  primary  characteristic  of  P IT', 
i.e..  the  electronics  are  not  protected  from  the  pressure,  describes  its  real  advantages.  It 
frees  the  designer  from  constraints  imposed  by  pressure  vessels,  and  it  provides  almost  un- 
limited freedom  in  the  choice  of  container  size,  shape,  and  materials.  Since  there  is  no 
pressure  difference  between  the  inside  and  outside  of  the  container,  there  is  no  need  for 
heavy  containers  or  high-pressure  penetrators  and  seals.  At  the  present  time,  all  know  n 
PTE  systems  use  liquid- filled,  pressure-equalized  containers.  In  addition  to  offering  the 
advantages  of  few  container  constraints,  such  systems  can  or  will  be  able  to  allow  control  of 
package  buoyancy,  eliminate  the  potential  for  catastrophic  pressure  seal  and  penetrator 
failures,  provide  a low  thermal  resistance  path  to  the  ocean,  and  permit  the  design  of 
flexible,  inexpensive  electronic  systems  capable  of  operation  at  any  depth.  I here  are 
currently  a large  number  of  electronic  devices  anil  components  that  have  been  tested  and 
found  adequate  for  I’l  l application.  Many  amplifiers,  signal  processing  devices,  and  sonar 


13 


mmm 


ligua'  10.  Pressure  tolerant  electronic  television 


There  is  a constant  search  for  better  materials  for  use  in  the  undersea  environment 
To  support  undersea  work  systems,  three  problem  areas  are  receiving  special  attention  at 
NOSC:  transparent  materials,  high  strength-to-weight  ratio  materials,  and  undersea  cabl- 
ing. I he  transparent  materials  program  includes  continuing  development  of  design  and 
certification  criteria  for  the  use  of  acrylics,  glass,  and  ceramics  in  windows  t figure  I I ). 


figure  1 1 . Deep  ocean  window 
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pressure  hulls.  aiul  structural  components  tor  increasing  depth  and  stringent  operating 
conditions.  I he  arum  id  fiber  kevlar  is  being  applied  as  a strength  member  for  undersea 
cabling  ami  as  the  reinforcing  member  in  plastic  composite  sheets  and  structural  members, 
flte  resulting  weight  savings  is  a factor  of  four  to  siv  To  lighten  the  density  of  undersea 
cables,  increase  the  data  signal  bandwidth  and  reduce  cross-talk  and  outside  electrical  and 
radio-frequency  interference;  liber-optic  elements  are  also  being  applied  to  the  tether  cables 
of  undersea  vehicles. 


TOOLS 

l or  most  routine  undersea  operations,  two-function  claws  ofvarious  sizes  and 
shapes,  cutters,  and  simple  toggle  bolts  are  sufficient  for  most  work  tasks  I or  certain  of 
the  more  dexterous  tasks,  multi  function  manipulators  and  specialized  tools  are  necessary- . 

MANIPULATORS 

A manipulator  must  be  mechanically  well  designed  for  performing  the  required 
tasks  in  the  marine  environment,  and  it  must  be  integrated  with  controls  and  displays 
so  that  the  operator  can  perform  coordinated,  accurate  motions.  Anyone  with  experience 
in  remote  work  systems  develops  opinions  on  how  to  design  a manipulator  to  optimize  the 
capabilities  of  the  operator  through  the  man-machine  interface,  but  these  opinions  must  be 
reconciled  w ith  the  experience  of  others,  i.e..  the  human  factor  researchers  and  the 
operators. 

lhe  optimum  manipulator  and  control  system  "varies  with  the  task.  1 hevapabilities 
of  operators  also  vary  . and  their  preferences  are  often  a function  of  their  experience  w ith 
particular  types  of  manipulators,  controls,  displays,  and  tasks.  However,  experience  has  led 
to  a general  awareness  ofeertain  tradeoffs,  l or  example:  for  tasks  requiring  precise 
positioning,  rate-control  devices  are  more  accurate;  whereas  for  general  reaching  and  grasp- 
ing. where  coordination  is  more  important  than  precision,  master-slave  manipulators  are 
much  faster.  In  rate-control  manipulators,  position  feedback  is  purely  visual;  whereas 
for  master-slave  manipulators,  even  with  computer-generated  display  s,  there  is  also  a 
natural  feeling  of  position.  I wo  types  of  master-slave  controls  have  been  used:  harness  and 
terminus  control.  A harness  control  straps  onto,  or  in  some  way  attaches  to.  the  arm  of  the 
operator;  the  terminus  control  is  held  only  at  the  hand  or  terminus.  I hey  operate  in  the 
same  way  the  manipulator  (slave)  is  driven  to  conform  to  the  configuration  and  position 
of  the  control  (master),  l he  harness  control  may  be  most  valuable  for  use  with  anthro- 
pomorphic manipulators,  especially  those  with  a redundant  function  for  elbow  position. 
Terminus  control,  much  more  common  in  hot-cell  nuclear  work,  generally  allows  more 
operator  freedom  and  a greater  range  of  motion  and  does  not  require  an  anthropomorphic 
manipulator. 


Figure  1-.  Rl'WS  manipulator. 


ll  must  be  cautioned  that  the  best  general-purpose  manipulator  lor  underwater 
work  is  not  necessarily  the  most  sophistieated  or  complex,  l ost,  reliability . maintainability 
and  the  ability  of  the  trained  operator  to  work  w ithin  limitations  must  also  be  w eighed  in 
dividing  whether  to  incorporate  seemingly  desirable  features. 


For  manipulators,  such  as  those  on  the  RUMS  ( figure  I')  and  work  systems 
package  (MSP),  it  is  anticipated  that  tasks  requiring  force  feedback  will  occur.  I samples 
are  drilling  and  tapping  operations  where  too  much  lorce  or  misdirected  tone  might  result 
m a broken  tool.  Of  course,  w herever  possible,  tool  drive,  teed,  and  alignment  should  be 
automatic  functions  of  the  tool  itself  and  not  of  the  manipulator.  Unfortunately,  this  is 
not  always  possible.  Another  situation  in  which  force-sensing  could  be  important  occurs 
when  the  manipulator  unexpectedly  comes  in  contact  with  the  work  task  or  the  vehicle. 
Another  difficulty  that  the  operator  encounters  is  in  maintaining  a sense  of  orientation. 
Orientation  and  station-point  feedback  a a*  provided  by  two  methods:  fixed  camera  and 
monitor  or  head-coupled  television  (the  latter  method  should  incorporate  head-following 
translation,  it  possible).  Head-coupled  television  also  alleviates  t lit*  problem  ol  limited  field 
ol  view  , since  a sweep  of  the  head  allows  the  operator  to  encompass  visually  as  much  ol 
the  remote  environment  as  desired  and  the  spatial  relationship  ot  objects  not  simultaneous- 
ly visible  in  the  camera's  field  of  view  is  instinctively  retained. 
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\NOKk  SYSI  I MS  I’  U k Aid  (MSI’) 

An  example  of  integration  of  manipulators  and  tools  is  foun^l  in  the  recently  com- 
pleted  work  systems  package  |\VSI’).  developed  as  part  of  tlto  1 >0 1 urogram. 

I’hc  \\  SI’ t figure  1 a ) is  comprised  of  manipulator  and  a v ai^ety  of  In  draulie  tools 
that  are  integrated  to  accomplish  tasks  to  ocean  depths  ol  20.000  feet  ((<100  meters V The 
system  can  he  readily  adapted  to  the  manned  snhmersihles  \l  YIN.  SI  Al  l II  I . and 
II  Kill  and  the  robot  vehicles  (.TRY  III  and  Rl'WS  to  exteifd  then  work  capabilities. 


In  addition,  it  can  be  positioned  and  controlled  In  divers  or  operated  trout  a surface-support 
ship  1 he  svstein  was  designed  to  perform  a complete  vvoik  operation  on  the  seatloor  with- 
out resurfacing  foi  tool  interchange.  I’otential  tasks  include  iccovlery . construction,  instal- 
lation, and  repair  operations  l ow -light  lev  el  telev  ision  cameras  vy  illi  ijuartz-iodide 
flood  lights  augment  the  operator's  visum. 


figure  IV  Work  sv  stems  package 

l'he  skeletal  structure  of  the  \\  SI’  is  a simple  tubular  network  fabricated  from 
SOSo-allov  aluminum  Its  cvmtiguratnm  is  the  result  of  spatially  arranging  all  maior  system 
cvvmponents  tv’  meet  the  aforementioned  reviuirements  ami  then  connecting  them  with  a 
single  strongback  I he  problem  of  use  with  rations  stibmersihles  was  solvevl  In  providing 
an  interface  plate  between  the  vehicle  and  the  W SI’  I lie  interlace  plate  is  mounted  tv'  the 
parent  vehicle  In  a single  I -inch-diameter  bolt  t2  5 centimeters!  that  can  be  severed  In 
cithv't  of  two  c\plosivel> -actuated  bolt  cutlers,  therein  satisfying  the  rev|uirement  foi  a 
single  point  lettisv'it  capability  with  revluiulancv 


It  was  necessary  to  reduce  the  underwater  weight  ol  the  \\SI’  U'  make  it  cv’inpatible 
with  the  t tint  capacities  of  each  parent  submersible.  Blocks  ol  syntactic  loam  with  a density 
of  pounds  per  cubic  fool  were  shapevl  ami  mvmnted  on  the  package  and  skul  structure 
I he  loam  was  positioned  tv'  avoid  interference  with  work  functions  while  pnnivling.  gv’v’vl 
stability  characteristics  to  the  host  vehicle.  j 

Mounted  on  each  end  of  the  mam  cross-tube  are  two  suntf'le  manipulatoi  v’i 
"grabber"  arms  which  can  secure  ami  hold  a workpiece  for  stability  or  assist  the  dexterous 
manipulatoi  work  arm  Hun  are  hydraulically  actuated  and  can  per 'form  six  rate-controlled 
functions  including  a 24-inch  1 1>  1 centimeters!  linear  extension  i i ft  c.ip.icitv  is  2 50  pounds 
til.'  kilv’gr.nnsl  at  a ‘Moot  (a  meters)  exteusum  ami  the  grip  lo/ce  is  >00  pounds  1 22' 
kilograms!.  I 
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I ho  dexterous  work  manipulator  is  .1  seven-function.  hydraulically  actuated.  rate- 
controlled  arm  mounted  above  and  to  starboard  of  center.  I Ins  position,  in  relation  to 
the  operator's  normal  viewing  position  above  center  and  behind  the  package,  is  analogous 
to  the  relative  positions  of  the  right  arm  and  eye  of  a human,  it  thus  prov  ides  some 
anthropomorphic  familiarity  to  the  operator,  l.il't  capacity  of  the  manipulator  is  100 
pounds  (45  kilograms!  with  the  arms  fully  extended  to  b feet  [2  meters).  I mes  from  the 
main  hydraulic  power  unit  run  to  the  jaw  I he  jaw  is  equipped  with  quick  disconnects 
which  mate  with  similar  connections  on  the  hydraulic  tools.  I'his  permits  hydraulic  power 
to  be  coupled  underwater  and  transmitted  to  the  tool  when  it  is  grasped,  without  the  need  v 

for  hoses  on  each  tool. 

l he  tools  are  held  by  compliant  brushes  in  a tubular  aluminum  holder  w hich  is 
positioned  opposite  the  primary  manipulator  and  normally  out  of  the  frontal  viewing  area 
l he  holder  can  be  extended  so  that  the  tools  are  extracted  or  replaced  along  a radial  line 
corresponding  to  the  manipulator's  linear  extension  capability . thus  shortening  the  time 
required  to  perform  a tool  exchange,  bits,  such  as  drills  or  sockets,  are  held  in  clips  along 
the  upper  and  outside  edge  of  the  holder. 

It  was  envisioned  that  the  WSP  would  do  the  work  of  divers  operating  at  great 
depths,  therefore,  large  tools  are  not  included,  l he  tools  provided  are  the  ty  pe  and  si/e 
that  would  normally  be  used  by  a mechanic  performing  field  operations  on  land,  lhe 
tool  suite  w as  selected  on  the  basis  of  work  functions  required  to  perform  ty  pical  mulct 
water  tasks,  such  as  those  encountered  in  salvage  operations.  I'hese  include  debris  clearance, 
hull  penetration,  lift  device  attachment,  and  salvage  valve  coupling  attachment  l he  tools 
are  divided  into  three  categories:  rotary  , linear,  and  power  velocity  (explosively -actuated! 

Hydraulic  operation  was  selected  for  most  tools,  as  well  as  for  the  manipulators  ami  other 
actuators,  because  of  its  inherent  adv  antages  of  precise  control,  high  pow  er  density . and 
insensitiv  ity  to  depth  pressure,  lhe  rotary  tools,  such  as  the  chipping  hammer,  are  poweicd 
by  small,  fixed-displacement  piston  motors,  while  the  linear  tools  are  operated  by  linear 
actuators  Both  represent  a pioneering  effort  toward  a comprehensive  underwater  tool 
suite,  lhe  power-velocity  tools,  cable  cutter,  and  stud  drivet  are  used  in  applications  where 
a high-energy  output  for  a short  duration  is  desired.  I hey  are  simple  and  easy  to  operate, 
but  can  be  used  only  once  during  an  operation.  Consequently . several  spaces  m the  tool 
holder  are  reserved  for  these  tools,  l able  I contains  a summary  description  ofWSI*  tools 
and  their  capabilities. 
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I able  I.  Summary  of  Work  Systems  Package  tool  suite. 


Operating  Mode 

Power  Head 

Hits 

1 unction 

Capability 

Rotary 

Hydraulic 

High  Speed 

Wire  Brush, 
grinder  cut- 
off wheel 

Brush,  grind,  cut 

125  in/lb 

Low  speed 

Drill,  tap.  die 

Drill,  thread 

275  m lb 

Reciprocating 

knife 

Rope  cut 

2 -m  rope 

Chipping  hammer 

Chisel 

Chip 

37  lb.  2 1 strokes 
per  second 

Impact  wrench 

Sockets 

Bolt,  unbolt 

1320  in  lb 

Winch 

Pull 

1000  lb 

Linear 

J ack 

Jacking 

DLOOO  lb.  8':  in 

Hydraulic 

Spreader 

Spreading 

287<>  lb.  13  in 

Cable  cutter 

Cut  cable 

23.000  lb.  1-in 

Wire  rope 

Power 

Cable  cutter 

Cut  cable 

1 Vm  wire  rope 

Velocity 

Stud  gun 

Padeye 

Attach  padeye 

1 8-  to  5 8-in 
thick  mild  steel 

NO  I I S I inch  pound  = 1.1 2l>  848  l -01  Newton  meter 
1 inch  = 2.540  000  1-02  meters 
1 pound  = 4.535  l,24  1-01  kilograms 
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No  discussion  of  undersea  work  sy  stems  can  ho  complete  without  mention  of  the 
surface-support  craft  ami  handling  sy  stems  \llhough  this  suhjcct  is  extensive  enough  to 
he  a paper  In  itsolt,  it  is  sufficient  to  state  that  a stable  platform  with  good  position  keep 
mg  is  vital  to  undersea  vehicle  operations.  \n  important  development  m type  ot  craft  to 
meet  these  rev|uirements  is  the  S\\  \ 1 II  (small  waterplane  area  twin  hulled)  ship.  I lie 
S\\  M il  ship’s  capabilities  are  achieved  In  placing  the  greater  portion  ot  the  ship’s  buoyant 
volume  below  the  sea  surface  and  supporting  the  above-surface  structure  In  thin  struts 
which  are  little  affected  In  wave  action.  Stability  is  exceptional  both  underway  and  ai 
rest  m sea  states  up  to  7,  flic  concept  includes  full  automatic  control  over  pitch,  heave, 
re'll . yaw,  and  sway.  I lie  I'HMon  Stable  Semisubmergeil  I’latli'rni  tSSP  k \l\l  \l  INO. 
figure  14)  was  designed  and  developed  at  NOSC  to  satisfy  a need  foi  a small,  oceangoing 
work  platform  which  would  have  the  reduced  motion,  greater  deck  space,  and  higliei  speed 
of  much  larger  conventional  monoluills.  I lie  SSI’  measures  S')  feet  (2’’  meters)  m length 
and  45  teet  ( 14  meters)  in  width.  I lie  vessel  was  designed  by  NOSC  with  support  from  the 
I’earl  Harbvvr  Naval  Shipy  ard:  it  was  constructed  at  the  Coast  (iuard  'i  aril  at  Curtis  bay . 
Mary  land. 


I igme  14  SSP  k MM  \l  IM).  a SW  VIII  slnp. 

flic  SSI’  has  two  submerged,  parallel,  torpedo  like  hulls  which  support  a cross- 
structure  above  w .tier  by  means  of  four  streamlined,  vertical,  sin  lace  piercing  struts  I wo 
controllable  canard  tins  are  located  neai  the  hull  bows,  and  a full-span  stabilizing  tin  with 
controllable  (laps  is  neat  the  hull  stern.  I he  tins  provide  dynamic  stability . damping,  and 
control  over  heave,  pitch,  and  roll  I he  design  configuration  ot  the  SSI’  will  permit  normal 
operations  in  'Moot  (5  meters)  waves.  With  a full  fuel  complement  ol  IS  S tons,  the  SSI’ 


will  have  an  operating  range  of  approximately  350  nautical  miles  at  a cruise  speed  of  24 
knots  ( I 2 meters  per  second).  Two  Th4-GE-bB  turboshaft  engines  of  approximately  2000 
horsepower  each  are  used  to  drive  78-inch-diameter  < ll>8  centimeters),  controllable  and 
reversible  pitch  propellers. 


SYSTEM  SYNTHESIS 

With  all  component  parts  defined  and  demonstrated  for  various  tasks,  we  will  use 
a recently  completed,  research-and-development  task  as  a case  history  of  the  synthesis  of 
a vehicle  for  a particular  application.  The  task  chosen  for  this  example  is  the  need  for 
recovery  of  the  solid  rocket  boosters  (SKBsi  used  in  the  launch  of  the  NASA  space  shuttle 
vehicle  into  space  orbit.  After  burn-out  of  the  SRBs  during  the  initial  trajectory  of  the 
shuttle,  the  I 2- foot-diameter  (4  meters)  by  140-foot-long  (43  meters)  SRBs  are  jettisoned 
and  dropped  into  the  sea  by  parachutes.  Upon  sea  impact  they  float  upright  in  a “spar" 
mode  with  the  nozzle  opening  down.  The  task  was  to  provide  a means  to  descend  to  the 
depth  of  the  rocket  nozzle  100  feet  (31  meters)  and  insert  a plug  so  that  the  residual 
water  could  be  removed  and  the  SRB  tilted  to  a "log"  mode  for  tow  ing  to  a reclamation 
site  for  reuse. 

The  SRB  dewatering  system  consists  of  a nozzle  plug,  control  console,  power 
distribution  subsystem,  and  umbilical  cables.  The  remotely  controlled,  undersea  vehicle 
portion  of  this  system,  designated  nozzle  plug  (NP).  is  14  feet  high  (4  meters),  from  2.5 
to  7.0  feet  in  diameter  (0.8  to  2 meters),  and  weighs  3300  pounds  < 1 500  kilograms)  in 
air  ( figure  1 5 ).  The  NP  was  designed  with  a modular  approach  for  ease  of  fabrication  and 
maintenance.  The  six  modules  can  be  described  as  follows: 

HYDRAULIC  MODULE  - The  hydraulic  module  houses  two.  15-horsepower, 
electro-hydraulic  pumps.  These  units  provide  the  power  to  the  four  vertical  and  two 
horizontal  thrusters  and  the  locking  arms.  The  hydraulic  system  operates  at  3000  pounds 
per  square  inch  ( 2 1 megapascals). 

TRANSITION  MODULE  - The  transition  module  provides  the  transfer  interface 
for  all  pneumatic,  electrical,  and  hydraulic  functions.  It  is  the  structural  portion  of  the 
NP  and  has  the  thrusters  and  shock-mitigating  bumpers  mounted  on  it.  The  bumpers  pro- 
vide the  means  to  seat  the  NP  in  the  nozzle  of  the  SRB  prior  to  the  deployment  of  the  lock- 
ing arms.  Each  bumper  has  a proximity  switch  and  provides  a signal  displayed  as  a light  on 
the  control  console  as  the  NP  becomes  firmly  seated  in  the  SRB  nozzle.  The  framework 
provides  the  conduit  for  the  electrical  power  and  the  air  supply  from  the  ship. 

ELECTRICAL  MODULE  - The  electrical  module  houses  all  NP  control  functions, 
e.g..  signal  control  relays,  thruster  controls,  and  sensors. 

INFLATABLE  BAG  MANDREL  MODULE  - The  inflatable  bag  mandrel  module 
holds  the  in  datable  bag  used  to  seal  the  nozzle  of  the  SRB  during  second-stage  dewatering 
(log  mode).  The  bag  is  designed  to  inflate  from  30  inches  (7b  centimeters)  in  diameter  to 
5b  inches  ( 142  centimeters)  in  diameter  to  seal  the  nozzle.  The  design  is  based  upon  the 
Goodrich  space  saver  tire  concept.  The  mandrel  also  houses  the  dewatering  pipe  and  syn- 
tactic foam  for  flotation. 

LOCKING  ARM  MODULE  - The  locking  anti  module  provides  the  NP  with  the 
means  to  secure  itself  firmly  to  the  nozzle  once  docking  has  been  assured.  The  locking 
arms  are  deployed  by  individual  piston-cylinder  arrangements.  An  over-center  design 
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is  used  to  insure  locking  in  the  event  of  hydraulic  failure.  Syntactic  foam  is  fitted  around 
this  section  to  provide  buoyancy. 

DI-WAIT  KlNCi  MODUL  I - 1 he  dewatering  module  contains  the  dewatering  hose, 
television  camera  and  lights,  and  search-and-recovery  system  (SAKl.  Buoyancy  is  also  pro- 
vided through  sy  ntactic  foam.  I he  dewatering  hose  is  used  to  channel  the  water  out  of  the 
SRB  when  the  log  mode  has  been  attained,  lhe  hose  is  wire-helixed  rubber  stowed  in  the 
central  cylinder  of  the  module.  A spring-loaded  arrangement  is  used  to  deploy  the  hose. 

I'he  television  camera  is  mounted  to  provide  video  display  s on  the  monitor.  Hie  lights  have 
halt-power  and  full-power  operational  capabilities.  SAR  equipment  includes  an  acoustic 
pinger.  strobe  light,  and  lifting  ey  es. 

The  nozzle  plug  is  launched  from  a support  ship  and  is  maneuvered  on  the  surface 
to  the  SRB.  Hie  plug  is  then  submerged  and  performs  an  inspection  of  the  SRB  casing, 
utilizing  the  television  camera  sy  stem.  Hie  operator  then  acquires  the  nozzle  opening  by 
using  the  same  television  sy  stem,  l he  plug  is  positioned  beneath  the  SRB.  using  the 
horizontal  and  vertical  thrusters,  and  at  the  appropriate  time  is  driven  up  into  the  nozzle's 
throat.  Upon  docking,  indicator  lights  on  the  console  show  that  the  plug  is  seated  and  that 
the  locking  arms  are  deploy  ed  to  hold  the  nozzle  plug  in  position.  Dewatering  air  is 
activated  through  the  umbilical  cable  and  a pressure  differential  is  attained,  thus  forcing 
out  the  water.  As  the  water  is  egressed.  the  SRB  raises  out  of  the  w ater,  becomes  unstable, 
and  falls  over  into  a log  mode.  At  this  time,  the  sealing  bag  is  inflated  on  the  plug  to  pre- 
vent air  loss.  Dewatering  continues  until  the  SRB  is  emptied.  Hie  umbilical  cables  are  dis- 
connected from  the  ship  and  the  SRB  is  towed  to  port.  At  port,  the  nozzle  plug  is  removed 
as  the  seal  and  refurbishment  of  the  SRB  is  begun. 
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figure  Is  SRB  nozzle  plug. 
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CONCLUSION 

To  develop  work  systems  that  effectively  operate  in  the  undersea  environment 
there  must  be  a close  coupling  of  the  definition  of  the  tasks  to  be  performed  and  an 
understanding  ol  the  undersea  environment.  The  vehicles,  sensors,  tools,  and  support 
equipment  must  be  carefully  integrated  to  match  the  human  operator’s  capabilities. 
Optimizing  one  component  of  a system,  or  overly  sophisticating  another  component  to 
meet  all  possible  requirements,  can  work  to  the  detriment  of  the  total  system,  and  a 
balance  in  requirements,  particularly  including  the  human  operator,  is  necessary. 


1 


1 


REFERENCES 

1 N.  Estabrook,  1).  Uhler  and  1).  Hackman.  Printing  in  IEEE  Ocean  ’75.  p.  573, 
"Development  of  Deep  Ocean  Work  System.” 

2.  A.  J.  Schlosser,  “Solid  Rocket  Booster  Dewatering  System,"  Naval  Undersea  Center, 
San  Diego,  CA.  NUC  TP  514,  June  1976. 

3.  J.  D.  Stachiw,  "Spherical-Shell  Sector  Windows  of  Acrylic  Plastic  with  12,000-Coot 
Operational  Depth  Capability  for  Submersible  ALVIN,”  Naval  Undersea  Center, 

San  Diego.  CA.  NUC  TP  453.  May  1 975. 

4.  Howard  Talkington.  "Manned  and  Remotely  Operated  Submersible  Systems:  A 
Comparison,"  Naval  Undersea  Center,  San  Diego,  CA.  NUC  TP  511.  June  1976. 

5.  Richard  W.  Ullrich.  "Manipulator  Development  at  the  Naval  Undersea  Center," 

Naval  Undersea  Center.  San  Diego,  CA,  NUC  TP  553,  January  1977. 


INITIAL  DISTRIBUTION  US! 


NAVAL  AIM  DEVELOPMENT  Cf  NT t H 
CIVIL  E NGINI  I MING  LABOHATOHV 
COOT  L40  L IBM  AM  Y 

NAVAL  COASTAL  SVSTl  MS  l ABORATOHY 
COOT  MO  LIBHAMY 
PACIFIC  MISSILE  TEST  Cl  Nil  M 
WHITE  OAK  LABOMATOMY 
NAVAL  SURFACE  WE APONS CENTER 
NAVAL  POSTGRADUATE  SCHOOL 
l IBMAHY  (TECH  REPORTS  SECT) 

NEW  LONOON  LABOHATOHV 
NAVAL  UNDE HWATEH  SYSTEMS  CENTER 
NAVAL  UNOFRWATE  H SYSTF  MS  CENTER 
NAVAL  Wt  APONS CENTER 
CODE  lb 3 

AIR  FOHCI  SPECIAL  COMMUNICA1  IONS  CEN1  ER/SUR 
UK  SCII  NT  IF  1C  MISSION.  BRITISH  EMBASSY 
OEFENSI  DOCUMf  NT  AT  ION  CENTER  (12) 

ASSISTANT  SECHE  T ARY  OF  THE  NAVY  (H81ES) 

CHIEF  OF  NAVAL  OPERATIONS 
NOP  23  (2) 

NOP  92U 

NOP  966  ISYSTEMS  ANALYSIS  DIV) 

CHIEF  OF  NAVAL  MATERIAL 
NMATOBT 
NMAT  08 T I 
NMAT  08T  2 
NMAT  08 T 4 

NMAT  08T24  ICAPT  O KI  EFE)  (2) 

NAVAL  AIR  SYSTEMS  COMMAND 
N AIR  350 
NAIR  360 
N AIR  370 
NAIR  604 

NAVAL  t LECTHONIC  SYSTF  MS  COMMAND 
NELEX  05 T 8 
NELEX  03 
NELEX  320 
PME  1 24 
PMET24TA 
PME  T 24  30 
PME  1 24  60 

NAVAL  FACILITIES  I NGINEEHING  COMMAND 
NF  AC-03 
NAVE  AC  (PC  2) 

FPO  T (OCEAN  I NGINEERtNG  ft  CONSTRUCTION  POl 
CHESAPEAKE  DIVISION.  NAVAL  FACILITIES 
ENGINEERING  COMMAND 
NAVAL  St  A SYST l MS  COMMAND 
NSEA03H 
NSE A 036 
NSEA06G 
NSE  A 060 
NSE  A 09G3 
NSE  A 09G32  (4) 

NSEAOOC  14) 

NSE  A 035C 
NSI  A 03423 
PMS396  00  (3) 

PMS395  A I 
PMS395  A2 
PMS396  A4  (3) 

PMS393T  IA  GIDDINGS) 

OFFICE  Or  NAVAL  HI  SEARCH 
ONR  102  OS 
ONR  221 
ONR  480 
ONR  485 

ONR  4E>5  IGS  MALLCKI) 

ONR  BRANCH  OF  FICE  . LONOON 
ONR  BRANCH  OF  I ICE  . PASADE  NA 
NAVAL  Ml  OICAL  RE  SI  ARCH  INSTITUTE 


ANTI  SUBMAHINI  WAR!  ARE  SYSTl  MS  PROJECT  OFFICE 
ASW  14 
ASW  16 
ASW  22 

NAVAL  OCt  ANOGHAPHIC  Of  I ICE 
CODE  3404 

NAVAL  HI  SI  ARCH  l ABOHATORY 
CODE  841X1  IDR  P WALSH) 

CODE  8403  (OR  II  SWIM) 

CODE  6601  (DR  ORUMME  II  R) 

CODE  8301  (OH  J I l l IOI  1 1 
UNO!  RWA1I  R SOUND  III  I I HI  NCI  DIVISION 
ANNAPOL  IS  L ABOHATORY  . DAVID  W 1 AYE  OR  NAVAL 
SHIP  HI  SI  ARCH  AND  Dl  VI  l DPMI  N1  CENT  I R 
CODE  A 123 

DAVID  W 1 AY  LOR  NAVAl  SHIP  RE  SEARCH 
AND  Dl  VI  LOPMI  NT  Cl  N U H 
CODE  HEX) 

NAVAt  TORPE  DO  STATION 
OUAl  IT  Y I VAL  ft  I NGINI  I RING  l AH.  T I CH  l IBRARY 
DIRI  CT  OR.  Ill  SI  ARCH  ft  I NGINI  I RING 

CODE  323 

OCE  ANOGHAPHF  R Ol  THE  NAVY 
ONC2  (21 

SUBMAHINI  111  VE  LOPMI  N1  GROUP  I (3) 

SUBMAHINI  Dl  VI  I DPMI  N1  SOUADHON  12 
ARMY  MOBI1  I ) Y I OUIPMI  Nl  111  SI  ARCH  AND 
(11  VE  LOPMI  NT  COMMAND 
STWFO  BRANCH 

Dl  I I NSl  AllVANCI  11  III  SI  ARCH  PROJE  CIS  AG l NCY 
DIRI  CTOR 

ADVANCI  D SI  NSORS  Ol  I ICE 
AllVANCI  D I NGINI  I RING.  Ol  I ICt 
APPLII  D PHYSICS  LABORATORY  . 

UNIVERSITY  Ol  WASHINGTON 
LIBRARY 
Dll  H 1 IIANCOIS 
DR  GUNS!  N GUI  Y 

MARINI  PHYSICAL  LABORATORY  . SRI 
UNIVI  RSIT  V OF  L AI  II  OHNIA 
APPLII  D Rt  SI  ARCH  I ABOHATORY 
PI  NNSY  LVANIA  SI  AT  I UNIVI  RSI  1 Y 
ORI  GON  ST  ATI  UNIVI  HSITY 
Dl  PT  OF  OCt  ANOGHAPHY  SCHOOL  Ol  SCII  NCI 
VISIBIl  IT  Y l ABOHATORY  . 

SIO.  UNIVI  HSITY  OF  CALIF  OHNIA 
SO  DUN  1 LI  Y 

WOODS  HOI  I OCt  ANOGHAPHIC  INSTITUTION 
NAVAl  tXI’lOSIVt  ORDNANCI  DISPOSAl  SCIIOOI 
MASSACHUSETTS  INS1ITU1I  Ol  EICHNOI.OGY 
Dl  PI  Ol  OCI  AN  I NGINI  I RING 
Wt  SF  AIU  I .III 

NATIONAL  SCII  NCI  I ODNDA1  ION 
MARINI  BOARD 
OCt  AN  Al  I AIRS  BOARD 
B MAI  I All  1 

NATIONAL  HI  SI  ARCH  COUNCII 
MARINI  BOARD 

NAT  ION  AL  OCI  ANIC  AND  A1MOSPHI  RIC 
ADMINISTRATION 
III  PI  Ol  OCE  AN  I NGINI  I RING 
Ml  ISA  T Ol  I Id 

US  COAST  GUARD  HI  ADOUAHI I IIS 
Hftll  DIRI  CIOII 
SAI  I 1Y  Ol  I ICI  R 
US  COAST  GUARD  HI  SI  ARCH  AND 
111  VI  LOPMI  NT  CEN1I  H 
I IBRARY 
I Bill  SLOW 

GtOLOGICAl  SEIRVl  V.  DIPT  OF  Till  INTERIOR 
JOHN  GUI  GORY 


